Background-The aim of our study was to compare myocardial mechanics of constrictive pericarditis (CP) with restrictive cardiomyopathy (RCM), or healthy controls; to assess the impact of pericardial thickening detected by cardiac magnetic resonance on regional myocardial mechanics in CP; and to quantitate the effect of pericardiectomy on myocardial mechanics in CP. Methods and Results-Myocardial mechanics were evaluated by 2-dimensional speckle tracking in 52 consecutive patients with CP who underwent cardiac magnetic resonance examination before pericardiectomy, 35 patients with RCM, and 26 control subjects. CP patients had selectively depressed left ventricular (LV) anterolateral wall strain (LWS) and right ventricular (RV) free wall longitudinal systolic strain (FWS) but preserved LV septal wall systolic strain (SWS 
C onstrictive pericarditis (CP) is characterized by impaired diastolic filling caused by the external constraints of a fibrotic or inflamed pericardium. 1, 2 Pericardiectomy is the definitive treatment in patients refractory to medical treatment. 3 Restrictive cardiomyopathy (RCM), although a result of intrinsic myocardial disease, has a hemodynamic profile similar to CP but without any specific surgical treatment available. Because the treatment strategy for RCM and CP is substantially different, it is important to distinguish between these 2 clinical entities. Annular-based tissue Doppler imaging, including early longitudinal relaxation velocities, has been used to differentiate CP from RCM, but its success may be limited to CP patients with predominant annular tethering. [4] [5] [6] Pericardial to myocardial tethering along the left ventricular (LV) and right ventricular (RV) free wall in CP results in isolated reduction in the magnitude of longitudinal deformation of the LV and RV free walls with preserved deformation of the interventricular septal wall. 7, 8 In contrast, pathological processes often involve the heart nonselectively resulting in global reduction of deformation in RCM. Previous studies have shown reduction of Dopplerderived annular velocities of the LV and RV free walls attributable to perimyocardial tethering with reversal of this phenomena after pericardiectomy. 8 However, in CP, pericardial thickness had a patchy distribution. 8 When the increased pericardial thickness can affect the tethering, the tethering effect may be patchy, sparing the annulus, thus reducing the reliability of annular velocities in diagnosing constriction. This underscores the need for a more reliable tool that can assess the impact of tethering along the entire free wall, not just the annulus. Advances in technology and the increasing emergence of 2-dimensional (2D) speckle tracking to the clinical forefront have given us the ability to evaluate the presence and magnitude of perimyocardial tethering comprehensively. 9 Perimyocardial tethering associated with a fibrotic pericardium could restrict deformation in the LV and RV walls and therefore result in lower LV anterolateral wall (LVLWS) and RV free wall (RVFWS) systolic strain but preserved septal wall systolic strain (LVSWS). Furthermore, myocardial infiltration of the pericardial fibrocalcification may further impede the myocardial longitudinal deformation in systole. In contrast, RCM is a diffuse process that will reveal no such regional variation. Hence, we propose that regional systolic deformation pattern (as assessed by 2D speckle tracking) in CP can distinguish it from RCM. We also hypothesize that regional constraint decreases the longaxis systolic strain of the adjacent myocardium, and that a successful pericardiectomy would result in recovery of the altered regional myocardial mechanics in CP.
Clinical Perspective on p 406
Thus, the aim of our study was 3-fold: (1) to assess the usability of regional myocardial mechanics using a regional 2D longitudinal systolic strain ratio in differentiating between RCM and CP; (2) to assess the impact of pericardial thickening as detected by cardiac magnetic resonance (CMR) on regional biventricular mechanics; and (3) to assess the effect of pericardiectomy on biventricular mechanics.
Methods

Study Population
Between August 2005 and August 2012, 95 consecutive patients (58 patients with CP and 37 patients with RCM) were retrospectively evaluated with CMR in this study. Patients with CP included those who were diagnosed with CP according to a constellation of CMR and echocardiographic criteria or surgically confirmed during pericardiectomy or cardiac catheterization to measure the hemodynamics and show equalization of pressure. All patients with RCM met the inclusion criteria for the diagnosis of RCM: severe diastolic dysfunction as evidenced by increased left or RV, or biventricular end-diastolic pressures; normal LV ejection function (>50%); typical microscopic findings of endomyocardial biopsy compatible with RCM; and absence of pericardial disease. Eight patients were excluded because of suboptimal image quality (6 patients with CP and 2 patients with RCM). Thus, 52 patients with CP and 35 patients with RCM comprised the study population. Among the 52 patients with CP, 46 (88%) patients underwent both a pre-and postpericardiectomy echocardiographic examination. Clinical, laboratory, and demographic data were obtained from electronic medical records. Twenty-six age and sex-matched control patients were selected from our healthy volunteer database based on a comprehensive history and physical examination. The study was approved by the Cleveland Clinic Institutional Review Board.
Basic Echocardiographic Measurements
All patients had a comprehensive evaluation with M-mode, 2D, and pulsed Doppler echocardiography and Tissue Doppler Imaging (TDI) using the Vivid 7 system (GE Vingmed; Horten, Norway) with a 3.5 MHz transducer before and after pericardiectomy. From the apical 4-chamber view, LV end-diastolic and end-systolic volumes, LV ejection fraction and left atrial volume were calculated using modified Simpson method with 2D images. From the mitral inflow velocities evaluated by pulsed Doppler echocardiography, the following variables were measured: peak velocities of early (E-wave) and late (A-wave) filling; E-wave deceleration time; and percentage respiratory change in E-wave (% from expiration). Annular velocities were measured from the apical 4-chamber view at early diastole (e′) with a 4 to 5 mm tissue Doppler sample volume placed at the medial and mitral lateral annuli. Each parameter was averaged in 3 cycles.
2D Strain Echocardiography
Apical 4-chamber, 2-chamber, long axis, and short axis at the level of the papillary muscle views were recorded for commercially available software (EchoPAC for PC; GE Healthcare, Milwaukee, WI) analysis. The frame rate was kept between 40 and 80 frame/s. The width of the region of interest was optimized to include at least 75% of the LV wall from the endocardial side to epicardial side. The software then automatically captured multiple local myocardial acoustic markers and tracked their displacement through a cine loop of frames. 10, 11 Longitudinal, radial, and circumferential systolic strains were computed from the resulting 2D displacement fields. We created the strain curves, and then we measured the peak systolic strains in individual walls. Parameters defining LV and RV mechanics were averaged from up to 6 segments in short-axis views and up to 3 segments in LV anterolateral wall, septal wall, and RV free wall segments in apical 4-chamber views; inferior and anterior wall segments in apical 2-chamber views; and from inferolateral and anteroseptal wall segments in longaxis views. RVFWS, LVSWS, and LVLWS were obtained in the apical 4-chamber views. Figure 1 shows examples of RVFWS, LVSWS, and LVLWS. All strains were computer generated automatically using EchoPAC, and these offline analyses were independently performed in a blinded manner by 2 observers who were not involved in the image acquisition and had no knowledge of examination dates and other echocardiographic or clinical data. Postpericardiectomy myocardial strain analysis was performed in 46 patients.
CMR Protocol
Digitally archived CMR studies were retrospectively reviewed by 2 experienced readers who were blinded to original clinical data, initial CMR study interpretation, and histological findings. CMR studies were performed on a commercially available 1.5T MRI scanner: Achieva XR (Philips Medical Systems, Best, The Netherlands); or an Avanto (Siemens Healthcare, Erlangen, Germany); or a 3.0T MRI scanner (Trio, Siemens Healthcare, Germany). All imaging was performed using commercially available software, electrocardiographic triggering, and dedicated phased-array receiver coils. Morphological pericardial assessment and thickness measurements were made using breath-hold, segmented k-space, turbo spin-echo pulse sequences. Continuous and categorical MRI variables included LV ejection fraction (%), LV end-diastolic volume, LV end-systolic volume, cardiac output (L/min), pericardial effusion, increased pericardial thickness (≥4 mm), and interventricular septal bounce. Using a novel, in-house developed, 5-segment model of the pericardium, LV pericardium adjacent to LV made up 4 segments (anterolateral, inferior, inferolateral, and anterior) and pericardium adjacent to RV free wall was fifth segment (Figure 2 ). Two experienced blinded readers reviewed the CMRs and performed representative pericardial maximum thickness measurements in each segment.
Surgical Approach
Pericardiectomy was performed through a sternotomy or left thoracotomy incision. The standard pericardial resection at our institution is a comprehensive pericardiectomy with removal of the diaphragmatic component, anterior pericardium from phrenic nerve to phrenic nerve, and posterior pericardium to the left phrenic nerve. Radical pericardiectomy was performed in most patients; but where this was not achievable, as much of the pericardium was resected as possible. The visceral pericardium was also removed as required.
Statistical Analysis
Data are reported as mean±SD. Paired t test (or Wilcoxon signed-rank tests for non-normal data) was used to assess the change in parameters before and after pericardiectomy. One-way general linear model analysis of variance, followed by Dunnett T3 post hoc test analysis was used to assess the difference between parameters in patients with CP versus patients with RCM. The same analysis was used to assess the difference between strain parameters in CP in various walls, with regional wall strain as the dependent variable, regional wall location as a fixed variable, and patients' code as a random variable. To assess whether CP affects regional strain more than other states, we performed 2-way general linear model Analysis of Variance. This analysis focused on regional wall strain as the dependent variable; regional wall location, state (CP versus RCM or control), and an interaction term for state×regional wall location as fixed variables, and patients' code as a random variable. Similar analysis was performed using a subsample of patients who underwent pericardial stripping to assess the impact of surgical intervention on strains, with the codes defining pre-versus postsurgical time points used instead of pathophysiology type. To assess the relationship between pericardial thickness and regional strains of LV and RV free walls, we used Linear Mixed Model with strain as a dependent variable, patients' code as random effect, and pericardial thickness as a covariate. 12 To eliminate the impact of non-normal distribution and the presence of outliers, we also correlated pericardial thickness and strain using Spearman ρ coefficient. Receiver-operating characteristic curve analysis was used to identify parameters that were best to diagnose CP. Optimal cutoff values were taken when the sum of sensitivity and specificity was the highest. Pairwise comparison of the receiver-operating characteristic curve was also performed using z-scores. In addition, linear regression analysis was used to evaluate the associations between several variables and strain ratio (LVLWS/LVSWS). Values of P<0.05 were considered statistically significant. To assess the intraobserver and interobserver variability of the longitudinal strain measurement of individual walls, the 18 images of 6 randomly selected patients were evaluated 2 times by 2 independent observers. We calculated the intraobserver and interobserver standard error of measurement (SEM) using the method of Eliasziw et al. 13 In addition, to assessing the interobserver variability of the pericardial thickness measurement of individual walls, 5 images of 15 randomly selected patients were evaluated by 2 independent observers. All analyses were performed using statistical software (SPSS software version 18.0, SPSS Inc, Chicago, IL).
Results
Patient Characteristics
Clinical patient characteristics of each group (52 with CP, 35 with RCM, and 26 controls) are summarized in Table 1 . CP causes were radiation (n=2), tubercular pericarditis (n=1), previous cardiac surgery (n=10), and idiopathic (n=39). CP was surgically confirmed during pericardiectomy in all patients. RCM causes were cardiac amyloidosis (n=28) and idiopathic RCM (n=7). RCM was confirmed by cardiac biopsy in all patients. Patients with RCM had significantly higher LV wall thickness, and larger left atrial volume index. All patients with cardiac amyloidosis had cardiac biopsy-proven systemic amyloidosis.
Invasive hemodynamic data were available in 51 patients with CP (98%). Right atrial mean pressure (19±4 mm Hg), pulmonary capillary wedge mean pressure (23±5 mm Hg), pulmonary artery systolic pressure (43±8 mm Hg), and fick cardiac output (4.9±1.0 L/min) were measured.
Diagnostic Ability of Strain
Longitudinal regional strains, early diastolic lengthening velocities (E′), and systolic lengthening velocities (S′) obtained from LV lateral (LE′ and LS′), septal (SE′ and SS′), and RV (RE′ and RS′) basal segments are shown in Table 2 . There were significant differences in global strain and strain ratio parameters among the 3 groups (Table 3) . Global longitudinal, radial, and circumferential strains were all significantly reduced in RCM compared with both CP and control subjects. Patients with CP had higher values of strain in the septum (−17.1±3.9%) than in the RV free wall (−13.0±4.0%) or LV anterolateral wall (−13.9±3.6%; P<0.001 for both RV free and LV anterolateral wall versus septum). When patients with CP were compared with healthy age and sex-matched controls using general linear model Analysis of Variance, the presence of CP was associated with lower strains. Of note, pathophysiology-wall location interaction was significant (P<0.001), indicating that the strain decrease was significantly more pronounced in RV and LV anterolateral walls. In a similar manner, when patients with CP were compared with RCM patients using general linear model Analysis of Variance, the RCM patients had expectedly lower strains (P<0.001), and pathophysiology-wall location interaction was again significant (P<0.001), indicating that although both conditions decrease strains, the strain decrease is uniform in RCM but significantly more pronounced in the RV and LV anterolateral walls in CP. Therefore, RVFWS/LVSWS and LVLWS/ LVSWS in CP were significantly lower than in both RCM and control subjects. For differentiating between CP and RCM, the area under the receiver-operating characteristic curve (area under the curve) was significantly higher for the LVLWS/ LVSWS as compared with LE′/SE′ and LS′/SS′ (area under the curve=0.91 versus area under the curve=0.76; P=0.011, and versus area under the curve=0.67, P<0.001). According to the receiver-operating characteristic curve analysis, the LVLWS/LVSWS could efficiently differentiate CP from RCM with a cutoff value of 0.96 (sensitivity, 89%; specificity, 96%). The RVFWS/LVSWS could also differentiate CP from RCM with a cutoff value of 0.97 (sensitivity, 76%; specificity, 85%; Figure 3 ). The intraobserver and interobserver SEM were 1.31% and 1.71%, respectively.
Comparison Between Pericardial Thickness and Strains
The median time from preoperative CMR to surgery was 32 days. Characteristics of CMR data and pericardium are summarized in Table 4 . There was a significant correlation between ventricular wall strains and respective pericardial thickness using Linear Mixed Effects models (P=0.001; Figure 
Effects of Pericardiectomy
The median time from preoperative echocardiography to surgery was 11 days. The median time from follow-up echocardiography was 31 days. There were no significant differences in LV ejection fraction, transmitral E wave, A wave, and E/A before and after pericardiectomy. The left atrial volume index significantly increased after pericardiectomy. After pericardiectomy, all annular velocities decreased significantly, and E/e′ also increased. The reduction in medial e′ velocity was greater than that of mitral lateral e′ velocity (medial e′ from 12.5±3.4 to 8.6±1.8 cm/s and mitral lateral e′ from 11.6±3.3 to 9.1±1.9 cm/s), and the mitral lateral/medial e′ ratio normalized (from 0.94±0.27 to 1.08±0.24). Strain profiles are shown in Table 5 , and examples of LVSWS and LVLWS are shown before and after pericardiectomy in Figure 5 . Pericardiectomy led to small but significant improvement in strains (P<0.01) with significant surgery-wall location interaction (P=0.045); however, strain improved more in right and LV free wall. The LVLWS/LVSWS was then increased (0.83±0.18 to 0.95±0.12; P<0.001). In addition, after pericardiectomy, circumferential strain significantly increased, but radial strain remained unchanged.
Discussion
This is the first study to not only investigate the diagnostic ability of global longitudinal, radial, and circumferential LV mechanics in CP, but also regional LV and RV free wall mechanics, which are characteristically impaired in CP. Our findings support the use of regional strain assessment as more robust than regional annular velocity in differentiating constriction from RCM. In addition, we show that patients with CP have a small but significant decrease in LV long-axis strains when compared with healthy controls. This strain decrease is more prominent in LV and RV free walls, which points to local constraint as a cause of the decrease, and it supports a colocalization between anatomic abnormality and physiological response. Indeed the association of areas of increased pericardial thickness by CMR with lower strains supports this hypothesis. Finally, removal of constraint leads to strain improvement, which is more pronounced in the RV and LV free walls. This last finding offers mechanistic proof of our initial hypothesis.
Regional Annular Velocity Versus Regional Longitudinal Strain
There have been several previous studies showing the value of regional tissue velocity variations in differentiating CP. 14, 15 Postpericardiectomy change in regional tissue velocities has also been described. 16, 17 Our study confirmed the altered relationship of the lateral and medial mitral annulus, annulus reversus, in patients with CP, which normalized after pericardiectomy. However, by using regional longitudinal strain, our study improved the balanced sensitivity and specificity to identify CP compared with regional annular velocity. On the contrary, we assessed the systolic annular velocity for diagnosis CP. However, the diagnostic value of systolic annular velocity was not high when we compared with diastolic annular velocity. When we gather the average systolic annular velocities from base to apex using tissue Doppler, we may find the similar insights of systolic strain.
Mechanism of Reduced Strain in Constriction
In normal healthy controls, each segmental strain shows similar values. 18 In this study, we show that there is regional variation in the longitudinal strain of patients with CP. Perimyocardial adhesions and the involvement of the adjacent myocardium by the pericardial fibrotic process are presumed to account for the reduced deformation of the adjacent myocardium. However, perimyocardial tethering likely plays a more direct role, because regional strain variation was reversible after pericardiectomy. Choi et al 8 reported a reduction in LV/RV free wall annular tissue velocity in a group of patients with CP with maximum pericardial thickness proximal to the annulus. However, the diagnostic value of annular tissue velocities may be limited in patients with CP. Applicability of regional strain measured by 2D speckle tracking has enhanced our ability to assess the impact of tethering on the LV wall on a segment-by-segment basis facilitating the comprehensive evaluation of tethering along the entire free wall, including the annulus. This is a potential explanation for the higher accuracy of regional longitudinal strain compared with regional annular velocity observed in our study. We cannot exclude other mechanisms for tethering effects in CP because there is no direct method to assess the tethering.
A previous study by Sengupta et al 9 described a global strain pattern in patients with CP and RCM using 2D speckle tracking. Our study shows an incremental value of regional strain ratio over regional velocity ratio. After pericardiectomy, an improvement in circumferential strain was observed in our population, although radial strain remained unchanged. These results support that CP may reflect subepicardial tethering and predominantly affect LV circumferential mechanics, although not affecting LV radial mechanics, which is a subendocardial function. 19 There were some differences between the previous study 9 and our results in changes of strain. However, in the current study, the patient number was large plus left atrial and LV volume were relatively small in a majority of patients compared with the previous study. In addition, our population had mostly idiopathic cause of CP (75%), and only rare radiation cause (4%). These population differences may cause the strain differences after pericardiectomy.
Clinical Implications
The differentiation of CP from RCM can be challenging because of the similarities in their hemodynamic profile. Tissue Doppler-derived annular velocities are extensively studied and widely used to differentiate between the 2 clinical entities; however, their diagnostic value may be limited to annularbased constriction. In the modern era, regional strain along the entire LV wall provides higher diagnostic accuracy in differentiating constriction from restriction. Furthermore, change in the regional strain pattern after pericardiectomy may be used to evaluate pericardiectomy success in patients with persistent diastolic heart failure where inadequate stripping of pericardium is suspected.
Study Limitations
There were several limitations in our study. First, the study population was relatively small with mainly idiopathic and postoperative causes; all patients with CP were clinically severe and thus needing surgery (there were no mild-to-moderate patient with CP). Second, the pericardiectomy patient follow-up was relatively short (31 days). Studies with a longer term follow-up will be required to assess persistence of strain changes after pericardiectomy. Third, the application of speckle tracking is dependent on 2D image quality, which may be suboptimal in CP. Poor image quality in 8/95 patients prevented the reliable application of 2D speckle tracking. Fourth, e′ in our healthy control was relatively low compared with the American Society of Echocardiography (ASE) diastology guidelines. 20 Fifth, because CP is predominantly a diastolic pathophysiology, diastolic strain rate may provide a new insight of CP mechanics. However, strain rate measurements using 2D speckle tracking were less accurate compared with strain because of limited temporal resolution of speckle strain imaging. In further studies, we would like to assess both systolic and diastolic strain rate in CP. Sixth, the majority of study patients with RCM had cardiac amyloidosis as an underlying cause, which could limit the ability to generalize our results to other patients with RCM. Seventh, the real-time respiratory phasic movement of the interventricular septum, 21 and late gadolinium enhancement of the pericardium 22, 23 are key parameters for assessment of CP by CMR. These variables may provide a new insight of tethering mechanics. Finally, the prognostic value of change in 
